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
,QWURGXFWLRQ
7KH KXJH QXPEHU RI UHVHDUFKHV IRFXVHV RQ WKH WRSLF RI
HYDOXDWLRQ RI FXWWLQJ IRUFHV GXULQJ WKH FXWWLQJ SURFHVV
+RZHYHU WKH VZHHSLQJ PDMRULW\ RI WKHP IRFXV RQ WKH
RUWKRJRQDO PDFKLQLQJ >@ 7KH DXWKRUV 0DFNHUOH >@ DQG
$UUD]ROD>@SHUIRUPHGODUJHRYHUYLHZFRQFHUQLQJWKHUHFHQW
FXWWLQJ SURFHVV UHVHDUFK WHFKQLTXHV 0RUHRYHU LW FDQ EH
QRWLFHGWKDWDOOWKHDQDO\WLFDODQGQXPHULFDOPHWKRGVIRFXVRQ
WKH PHVRVFDOH PDFKLQLQJ UHVHDUFK (PSLULFDO DQG K\EULG
PRGHOOLQJ DSSURDFKHV IRFXV JHQHUDOO\ RQ WKH PDFURVFDOH RI
PDFKLQLQJUHVHDUFK
(DUOLHU 9DQ /XWWHUYHOW >@ PHQWLRQHG WKDW WKH PDLQ
GLIILFXOWLHV LQ PRGHOOLQJ PDFKLQLQJ SURFHVVHV DUH ODUJHO\
DWWULEXWHG WR WZRPDLQ IDFWRUV LH WKH ODFN RI IXQGDPHQWDO
XQGHUVWDQGLQJ RI WKH EDVLFPHFKDQLVPV RI FXWWLQJ SURFHVVHV
DQG WKH JUHDW YDULHW\ DQG FRPSOH[LW\ RI WKH UHDO PDFKLQLQJ
RSHUDWLRQV )RU WKLV UHDVRQ VXFK FRPSOLFDWHG FXWWLQJ
SURFHVVHV DV PLOOLQJ RU GULOOLQJ DUH VLPSOLILHG WR WKH
RUWKRJRQDO PDFKLQLQJ )LQDOO\ D XQLILHG FXWWLQJ PHFKDQLFV
PRGHOKDGDGHPDQGDQGZDVGHYHORSHGIRUWKHSUHGLFWLRQRI
FXWWLQJ IRUFHV LQ PLOOLQJ ERULQJ WXUQLQJ DQG GULOOLQJ
RSHUDWLRQVZLWKWKHLQVHUWHGWRROV>@
+RZHYHU WKH SDUWLFXODULW\ RI GLVFRQWLQXRXV FKLS UHPRYDO
SURFHVV LQ PLOOLQJ WHQGV WR SUHGLFW WKH YDULDEOH FKLS FURVV
VHFWLRQ >@ >@7KHPDMRULW\RI FXWWLQJSURFHVVHVPRGHOOLQJ
XVH WKH )LQLWH (OHPHQW )( WHFKQLTXHV 'XH WR WKH
SDUWLFXODULWLHV RI )( WHFKQLTXHV PRVWO\ WKH KXJH WLPH RI
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FDOFXODWLRQWKHPHVKOHVVRUPHVKIUHHPHWKRGVDUHDOUHDG\LQ
DSSOLFDWLRQ LQ WKH ILHOG RI PDFKLQLQJ 7KH 6PRRWK 3DUWLFOH
+\GURG\QDPLFV 63+ PHWKRG LQYROYHV VHYHUDO DGYDQWDJHV
FRPSDUHG WR WKH FODVVLFDO )LQLWH (OHPHQW 0HWKRG )(0
)LUVWO\ QR UHPHVKLQJ QR DUWLILFLDO )( GHOHWLRQ PHWKRGV DUH
QHHGHG 6HFRQGO\ WKH 63+ PHWKRG SURYLGHV D VLPSOH
DVVXPSWLRQ RI IULFWLRQ DQG IDLOXUH LQ QRQOLQHDU PDWHULDO
GHIRUPDWLRQ7KHODVWPHQWLRQHGDVSHFWIROORZVWRSHUIRUPWKH
LQWHUDFWLRQRIFRQWDFWLQJERGLHVRIFRPSOH[JHRPHWULHVZKHQ
KLJKGHIRUPDWLRQVDUHDFKLHYHG
)LQDOO\ WKLV SDSHU IRFXV RQ WKH VWXG\ RI FXWWLQJ IRUFHV
DFFRUGLQJ WR WKH VRFDOOHG GRXEOH SRVLWLYH GRXEOH QHJDWLYH
DQG SRVLWLYHQHJDWLYH IDFH PLOOLQJ &RQVLGHULQJ WKH PDLQ
W\SHVRIWKHIDFHPLOOLQJJHRPHWULHVWKHVHWRI'VLPXODWLRQV
ZDVSHUIRUPHGE\XVLQJ WKH63+EDVHGPRGHODQGXVLQJWKH
/6'\QD95 VRIWZDUH 7KH XVH RI 63+ PHWKRG
DOORZHG XV WR SHUIRUP IXOO ' PLOOLQJ VLPXODWLRQ ZLWKRXW
PLOOLQJWRRODQGPLOOLQJSURFHVVNLQHPDWLFVVLPSOLILFDWLRQ
)DFHPLOOLQJVLPXODWLRQ
,Q )(0 GLIIHUHQW QXPHULFDO DSSURDFKHV DUH XVHG LH
/DJUDQJLDQ (XOHULDQ DQG $UELWUDU\ /DJUDQJLDQ(XOHULDQ
$/( ,Q WKH /DJUDQJLDQ DSSURDFK WKH QXPHULFDO PHVK
PRYHVDQGGLVWRUWVZLWKWKHSK\VLFDOPDWHULDO7KH/DJUDQJLDQ
DSSURDFK DSSOLHV DUWLILFLDO QXPHULFDO WRROV WR GHVWUR\ WKH
PDWHULDOEXWWKH)(GLVWRUWLRQDQGGHOHWLRQLVQRW³QDWXUDO´IRU
WKHFXWWLQJSURFHVV
2Q WKH FRQWUDU\ WKH(XOHULDQ)( DSSURDFK HOLPLQDWHV WKH
HOHPHQW GLVWRUWLRQ SUREOHPV EXW UHTXLUHV WKH NQRZOHGJH RI
WKH FKLS JHRPHWU\ LQ DGYDQFH$/( WHFKQLTXH FRPELQHV WKH
EHVW IHDWXUHV RI WKH SXUH /DJUDQJLDQ DQG (XOHULDQ DQDO\VLV
'XHWRWKHVHSDUWLFXODULWLHVRI)(WHFKQLTXHVWKHPHVKOHVVRU
PHVKIUHHPHWKRGVKDYHEHHQ UHFHQWO\DSSOLHG IRU WKHFXWWLQJ
SURFHVVHV>@
2.1. Smooth particle hydrodynamics formulation in Ls-Dyna 
63+LVRQHRIVHYHUDOSDUWLFOHPHWKRGV0HVKIUHH*DOHUNLQ
5.30 ()* DQG RWKHUV LQ FRQWLQXXPPHFKDQLFV /LNH )(
PRGHOOLQJPHWKRG 63+ XVHV FRQVHUYDWLRQ HTXDWLRQV IRU WKH
FRQWLQXXPPHFKDQLFV WRVROYHYHORFLW\SUHVVXUHDQGHQHUJ\
,Q 63+ PHWKRG LW LV QHHGHG WR GHILQH WKH LQWHUSRODWLRQ
IXQFWLRQDQGGHULYDWLRQ IXQFWLRQ IRU VROYLQJ WKHFRQVHUYDWLYH
HTXDWLRQV 7KH XVH RI .HUQHO IXQFWLRQ LQ SDUWLFOH
DSSUR[LPDWLRQSURYLGHVIDVWVROXWLRQ7KH.HUQHOIXQFWLRQW
LVGHILQHGXVLQJWKHIXQFWLRQșE\WKH>@
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ZKHUHdLVWKHQXPEHURIVSDFHGLPHQVLRQVDQGhLVVRFDOOHG
VPRRWKLQJOHQJWKZKLFKYDULHVLQWLPHDQGLQVSDFH:x,hLV
DFHQWUDOO\SHDNHGIXQFWLRQ
7KH 63+ PHWKRG LV EDVHG RQ D TXDGUDWXUH IRUPXOD IRU
PRYLQJ SDUWLFOHV  txi  ^ `N..i   ZKHUH )t(xi LV WKH
ORFDWLRQ RI SDUWLFOH i  7KHQ SDUWLFOH DSSUR[LPDWLRQ RI D
IXQFWLRQFDQEHGHILQHGE\

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ZKHUH
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U
 LVWKH³ZHLJKW´RIWKHSDUWLFOH7KHZHLJKWRI
DSDUWLFOHYDULHVSURSRUWLRQDOO\WRWKHGLYHUJHQFHRIWKHIORZ
,QWKH)LJ r LVWKHGLVWDQFHEHWZHHQWZRSDUWLFOHV h LVWKH
VPRRWKLQJOHQJWK

)LJ7KHUHSUHVHQWDWLRQRIVPRRWKLQJNHUQHOIXQFWLRQDQGW\SLFDOOHQJWKVLQ
WKHSDUWLFOHPRGHODGRSWHGIURP>@
2.2. Geometrical conception of face milling cutter  
7KHWKUHHPDLQW\SHVRIWKHPLOOLQJFXWWHUJHRPHWULHVH[LVW
IRU IDFH PLOOLQJ GRXEOH QHJDWLYH GRXEOH SRVLWLYH DQG
SRVLWLYHQHJDWLYH >@ 7KHUH DUH HIIHFWLYH WKUHH GLUHFWLRQDO
SODQHVZKLFK DUH XVHG WR GHILQH WKH FXWWHU JHRPHWU\ DQJOHV
WRROFXWWLQJHGJHDQJOHSODQH WKHUDGLDODQGD[LDOSODQHV%\
FKDQJLQJ WKH DQJOH RI WKHVH SODQHV EHWZHHQ QHJDWLYH DQG
SRVLWLYHWKHPLOOLQJFXWWHUJHRPHWU\LVDFKLHYHG7KHVHDQJOHV
DUHFDOOHGUDGLDOUDNHDQJOHDQGD[LDOUDNHDQJOH&XWWLQJHGJH
LQFOLQDWLRQ DQJOH DQG HIIHFWLYH UDNH DQJOH DIWHU WKH IL[LQJ
LQVHUWRQWKHFXWWHUDUHIXQFWLRQDODQJOHVZKLFKLQIOXHQFHWKH
WDQJHQWLDO FXWWLQJ IRUFHV DQG PDLQO\ WKH FKLS SDWK DIWHU WKH
PLOOLQJ>@
)URP WKH SUHYLRXV DVVXPSWLRQV WKH PLOOLQJ LQVHUW
JHRPHWU\ ZDV FUHDWHG 7KH PLOOLQJ LQVHUW JHRPHWU\ ZDV
FUHDWHGZLWKUDNHDQJOHRIqDQGFOHDUDQFHDQJOHRIq7KH
FRUQHU UDGLXVZDV VHW PP IRU DYRLGLQJ VFDOH HIIHFW $QG
WKH FXWWLQJ HGJH UDGLXV ZDV VHW PP WR HOLPLQDWH WKH
HIIHFW RI HGJH EOXQWQHVV RQ PDFKLQHG VXUIDFH )RXU LQVHUWV
ZHUHRULHQWHGRQWKHPLOOLQJFXWWHURIGLDPHWHURIPP7KH
RULHQWDWLRQ DQG IL[DWLRQ RI WKH LQVHUWV DOORZHG FUHDWLQJ WKUHH
PLOOLQJ FXWWHU JHRPHWULHV GRXEOH QHJDWLYH GRXEOH SRVLWLYH
DQGSRVLWLYHQHJDWLYH)LJ
$IWHUWKHIL[LQJLQVHUWRQPLOOLQJFXWWHUWKHFOHDUDQFHDQJOH
ZDVOHIWq7KHFRQFHSWXDOPRGHOVRIPLOOLQJFXWWHUZLWKIRXU
VSHFLDOO\ RULHQWHG LQVHUWV ZHUH ILQDOO\ PHVKHG DV RQO\ RQH
VROLGERG\LQ$QV\V:RUNEHQFK9HQYLURQPHQW
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)LJ)L[DWLRQDQGRULHQWDWLRQRIWKHLQVHUWRQSRVLWLYHQHJDWLYHPLOOLQJWRRO
D[LDOUDNHDQJOHRIqDQGUDGLDOUDNHDQJOHRIq

7KHPLOOLQJFXWWHUGHVLJQGRXEOHQHJDWLYHZLWKZRUNSLHFH
ILOOHG 63+ SDUWLFOHV LV SUHVHQWHG LQ )LJ  )RU QXPHULFDO
DQDO\VLV WKH ZRUNSLHFH GLPHQVLRQV ZHUH VHW DV IROORZV
uuPPUHVSHFWLYHO\LQWKHGLUHFWLRQRID[LV;<=
7KH GHQVLW\ RI 63+ SDUWLFOHV ZDV JHQHUDWHG DV UHJXODU DV
SRVVLEOH WZR SDUWLFOHV SHU FXWWLQJ GHSWK RI PP $OVR IRU
QXPHULFDOPRGHOLQJDVQXPHULFDOVHQVLWLYLW\SDUDPHWHUVIURP
SUHYLRXVO\UHFHLYHG³EXPS´WHVWUHVXOWVZHUHXVHG>@









)LJ)(PLOOLQJFXWWHUGRXEOHQHJDWLYHJHRPHWU\PRGHODQG63+
ZRUNSLHFHPRGHOIRUQRQOLQHDUH[SOLFLWDQDO\VLV

)RUWKH'IDFHPLOOLQJWRROLQWHUDFWLRQZLWKZRUNSLHFHWKH
VHWRIFXWWLQJFRQGLWLRQVZDVVHWDVSUHVHQWHGLQWKH7DEOH
7DEOH&XWWLQJFRQGLWLRQVIRUQXPHULFDODQDO\VLV
&XWWLQJSDUDPHWHU 8QLWV 9DOXH
&XWWLQJVSHHG PPLQ 
)HHGVSHHG PPPLQ 
0LOOLQJWRROURWDWLRQVSHHG
'HSWKRIFXW
)HHGSHUWRRWK
UHYPLQ
PP
PPWRRWK



:LGWKRIFXWWLQJ PP 
2.3. Material behavior law and workpiece material 
characteristics 
)RU QXPHULFDO DQDO\VLV  JUDGH VWHHO  RI
*267 ZDV XVHG $FWXDO PHFKDQLFDO SURSHUWLHV ZHUH
GHWHUPLQHG E\ WHQVLOH WHVWLQJ >@ 7DEOH  SURYLGHV WKH
PHFKDQLFDODQGSK\VLFDOSURSHUWLHVRIJUDGHVWHHO
7DEOH0DWHULDOSURSHUWLHVRIJUDGHVWHHO
&KDUDFWHULVWLFV 9DOXH 8VHLQ63+PRGHOOLQJ
'HQVLW\NJP  LGHP
<RXQJPRGXOXV*3D  LGHP
3RLVVRQLQGH[  LGHP
<LHOGVWUHVV03D  LGHP
6WUHQJWKOLPLW03D  
)DLOXUHVWUDLQ  
7DQJHQWPRGXOXV03D  LGHP
+DUGHQLQJLQGH[  
&RZSHU6\PRQGVFRQVWDQWV>@ & 3  
+DUGHQLQJFRQVWDQWV y 

$OVR LQ SUHYLRXVZRUN >@ZH VXPPDUL]HG WKHPDWHULDO
SURSHUWLHV QHHGHG IRU 63+ DQG )( PRGHOOLQJ ZKHQ XVLQJ
&RZSHU±6\PRQGV EHKDYLRU ODZ 63+ PRGHOOLQJ GXH WR
SDUWLFOH LQWHUDFWLRQ QHHGV OHVV PDWHULDO SURSHUWLHV IRU
QXPHULFDODQDO\VLV)RUH[DPSOH&RZSHU6\PRQGVFRQVWDQWV
DUH QRW VHWWLQJ LQ63+PRGHOOLQJ7KHZRUNSLHFH LV VHW DV D
GHIRUPDEOH ERG\ DQG VWUDLQ UDWH LV DFFRXQWHG IRU XVLQJ WKH
&RZSHU±6\PRQGV PRGHO ZKLFK VFDOHV WKH \LHOG VWUHVV E\
VWUDLQUDWHGHSHQGHQWIDFWRU>@
 PeffPY
P.
Y EC
HEVHV 
»
»
»
»
¼
º
«
«
«
«
¬
ª
¸
¸
¸
¹
·
¨
¨
¨
©
§
 

   
ZKHUH YV  YV  \LHOG VWUHVV OLPLWV RI WKHPDWHULDO GHILQHG
ZLWKDQGZLWKRXW WKH LQIOXHQFHRIVWUDLQUDWH 
.
H PDQGC DUH
XVHU GHILQHGLQSXWFRQVWDQWV
7KHPLOOLQJFXWWHUZDVVHWDVULJLGQRQGHIRUPDEOHERG\
ZLWKWKHFKDUDFWHULVWLFVRIFDUELGH
7KHUHVXOWVRIQXPHULFDOVLPXODWLRQV
7KH )LJ  SUHVHQWV WKH FDOFXODWHG FXWWLQJ IRUFHV DQG
UHVSHFWLYHO\ WKHUHFHLYHGFKLSVKDSHDIWHU WKHFXWWLQJRIHDFK
LQVHUW RI PLOOLQJ WRROV VRFDOOHG GRXEOH QHJDWLYH GRXEOH
SRVLWLYH SRVLWLYHQHJDWLYH 7KH WDQJHQWLDO FXWWLQJ IRUFH FT
RIGRXEOHQHJDWLYHPLOOLQJWRROLVKLJKHUFRPSDULQJZLWK
PLOOLQJ ZLWK WRRO JHRPHWU\ GRXEOH SRVLWLYH $OVR WKH
WDQJHQWLDOFXWWLQJIRUFHFTRIGRXEOHQHJDWLYHPLOOLQJWRROLV
KLJKHU  FRPSDULQJ ZLWK PLOOLQJ ZLWK WRRO JHRPHWU\
SRVLWLYHQHJDWLYH
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)LJ5HVXOWVRIQXPHULFDOVLPXODWLRQDFFRUGLQJWKHJHRPHWU\RIPLOOLQJWRROFXWWLQJIRUFHVDQGFKLSUHPRYDOSDWK

&RQFOXVLRQV
63+ PHWKRGRORJ\ XVHG LQ WKH SUHVHQWHG QXPHULFDO
DQDO\VLV DOORZHGXVLQJ UHDOPLOOLQJ WRROZLWKRXWJHRPHWULFDO
VLPSOLILFDWLRQ WR RQH FXWWLQJ HGJH WRRO 3HUIRUPLQJ IDFH
PLOOLQJVLPXODWLRQFXWWLQJIRUFHVIRUVWHHOJUDGHVWHHOZHUH
FDOFXODWHG IRU HDFK WRRWK LQ URWDWLRQ DFFRUGLQJ ZRUNSLHFH
FRRUGLQDWHV\VWHP
7KHPDLQ UHVXOW ZDV DFKLHYHG ± WKH GHILQLWLRQ RI FXWWLQJ
IRUFHV DVVXPLQJ WKHPLOOLQJ WRROJHRPHWU\ )RU H[DPSOHRI
SUHVHQWHG FDVH VWXG\ WKH WDQJHQWLDO FXWWLQJ IRUFH RI PLOOLQJ
WRRO RI GRXEOH QHJDWLYH JHRPHWU\ LQFUHDVH DERXW 
FRPSDULQJWKHVDPHFXWWLQJIRUFHZLWKGRXEOHSRVLWLYHPLOOLQJ
WRRO JHRPHWU\ $OVR WKH FKLS UHPRYDO SDWK ZDV GHILQHG IRU
HDFKPLOOLQJFXWWHUWRRWK
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